Abstract: Solid oxide fuel cells (SOFCs) are considered to be one of the most important clean, distributed resources. However, they present a challenging control problem owing to the SOFC's slow dynamics, nonlinearity and tight operating constraints. In this paper, we propose a novel data-driven nonlinear control strategy to solve the SOFC control problem by combining a virtual reference feedback tuning (VRFT) method with support vector machine (SVM). In order to fulfill the requirement for fuel utilization and control constraints, a dynamic constraints unit plus an anti-windup scheme are adopted. In addition, a feedforward loop is designed to deal with the current disturbance. Detailed simulations are given to demonstrate the feasibility of control application to fuel cell plants.
INTRODUCTION
Fuel cells are considered to be one of the most important clean, distributed resources due to their high efficiency and low environmental pollution. There are four main types of fuel cells currently under development: the Phosphoric Acid Fuel Cell (PAFC), the Proton Exchange Membrane Fuel Cell (PEMFC), the Molten Carbonate Fuel Cell (MCFC), and the Solid Oxide Fuel Cell (SOFC). Among them MCFC and SOFC are operating at high temperatures in the neighbourhood of 650˚C and 1000˚C, respectively, which allow to reform fuels to hydrogen internally (California Energy Commission, 2009; Lukas, et al., 1999 Lukas, et al., , 2001 Lukas, et al., , 2002 . In particular, The solid oxide fuel cell (SOFC) has attracted considerable interest as it offers a wide range of applications, flexibility in the choice of fuel, high system efficiency, etc., but it presents a challenging control problem owing to the SOFC's slow dynamics, nonlinearity and tight operating constraints (Knyazkin and Canizares, 2003) .
Almost all the researches that have been conducted in SOFC control is model-based, where an explicit model of the SOFC system is required to design controllers (Zhang and Feng, 2009; Huo and Zhong, 2008; Wu and Zhu, 2008; Jurado, 2006) . A novel offset-free input-to-state stable fuzzy predictive controller was developed based on the identified fuzzy model (Zhang and Feng, 2009 ). A Hammerstein model, consisting of a radial basis function (RBF) neural network in cascade with an ARX model, was adopted to describe the nonlinear dynamic properties of the SOFC (Huo and Zhong, 2008) . Wu and Zhu (2008) proposed a nonlinear model predictive control (MPC) method to control the voltage based on an improved RBF network optimized with genetic algorithm (GA). Jurado (2006) presented an MPC based on a fuzzy Hammerstein model for a SOFC.
Recently, a data-driven linear MPC using subspace system identification was first used to deal with a SOFC system without full online measurement of all output variables (Wang, et al., 2007) . However, because the SOFC system is an uncertain nonlinear system and its structure and parameters vary with the change of operating points, a new data-driven nonlinear controller is required to cope with the nonlinearity of the SOFC system more effectively.
The virtual reference feedback tuning (VRFT) method gives a solution to the problem of designing a controller for a system whose input/output (I/O) behavior is unknown, where VRFT is based on a single set of I/O data without resorting to the identification of a model of the system. VRFT was originally proposed for linear systems by Guardabassi and Savaresi (2000) and developed in two respects, the design of a pre-filter for the data and the treatment of noise Sala and Esparza, 2005) . In 2007, Sala integrated VRFT into a unified closed-loop identification framework. The VRFT method has also given promising results in other fields . However, most of these reports are limited to linear systems.
In this paper, we propose a novel data-driven nonlinear control strategy to solve the SOFC control problem by combining the VRFT method with the support vector machine (SVM) technique. In order to fulfill the requirements for fuel utilization and control constraints, a dynamic constraints unit plus an anti-windup scheme are adopted. In addition, a feedforward loop is designed to deal with the current disturbance. This paper is organized as follows: Section 2 and Section 3 introduce the SOFC system and some design considerations for it. Section 4 gives a brief introduction to the VRFT. A data-driven nonlinear controller design approach is proposed in Section 5 and then is employed to solve the SOFC control problem in Section 6. The simulations and discussions are presented in Section 7, and followed by the conclusion in Section 8.
SOFC SYSTEM DESCRIPTION
The SOFC system includes a fuel processing unit or the reformer and a fuel cell stack. Hydrogen is the main fuel for most types of fuel cell. Nevertheless, other fuels such as methane, methanol, ethanol, gasoline and oil derivatives can also be used when a reformer is included in a fuel cell system such as MCFC and SOFC for converting the fuel to hydrogen.
In this paper, a widely accepted dynamic model of a SOFC system is adopted (Zhang and Feng, 2009; Huo and Zhong, 2008; Wu and Zhu, 2008; Jurado, 2006) , as shown in Fig. 1 , where V dc denotes the stack output voltage and q f the natural gas flow rate. Fig. 1 . SOFC system dynamic model. Applying Nernst's equation and taking into account Ohmic, concentration, and activation losses, the stack output voltage is represented as follows:
DESIGN CONSIDERATIONS FOR SOFC SYSTEM
The following aspects should be considered in the controller design for the SOFC system:
(1) A nonlinear controller is preferred over a linear controller because of the nonlinearity of the SOFC with the changing operating points. The stationary voltage/current characteristics of a SOFC system shows that the SOFC exhibits nonlinear behaviour over a wide operating regime. The stack voltage usually shows significant changes, especially at low and high current load, and an overloaded current leads to a rapid deterioration of operating stack voltage.
(2) As a measurable disturbance, the current density I should be utilized to construct a feedforward loop to keep the output voltage steady, by speeding up the initial response of fuel flow for drastic current changes.
(3) Besides ordinary actuator constraints on the control signal, the fuel utilization of the SOFC system should also be kept within a safe range for as long as possible. Fuel utilization is one of the most important operating variables that can affect the performance of SOFC. Fuel utilization is defined as r H q are respectively the hydrogen input, output, and reacted flow rates. The desired range of fuel utilization is from 0.7 to 0.9. This is in order to prevent overused and underused fuel conditions; an overused-fuel condition can lead to permanent damage to the cells due to fuel starvation and an underused-fuel situation results in low efficiency for the SOFC (Zhang and Feng, 2009; Huo and Zhong, 2008; Wu and Zhu, 2008; Jurado, 2006) . For standard model reference design methods, a reference model is first selected, and then the controller ( ) C z is designed such that the output error between the actual plant and the reference model is minimized. This can be described by
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where ( ) W z is a weighting function chosen by the user. However, when the plant is unknown, an indirect method has to be employed, i.e., a model must first be identified.
In contrast, the VRFT first constructs a virtual reference ( ) r k according to the measured (10) is thus transformed into an identification problem:
where ( ) L z is a user-chosen filter, and m denotes the number of the measured I/O data. The aim of the VRFT approach is not the design of the "best" possible controller, but the design of a controller with good tracking and robustness properties based on a reduced set of data, and thus tunable in a very short time.
DATA-DRIVEN NONLINEAR CONTROLLER DESIGN BASED ON VRFT AND SVM

Relationship between VRFT and Internal Model Control
As we know, internal model control (IMC) can be depicted as in Fig. 3(a) when the feedforward filter and feedback filter are set to be equal, where F denotes the filter, C′ is an internal model controller and * G is a model of the plant. G can be inverted), IMC is an ideal implementation for minimizing (10). In this case, the filter F is equal to the reference model M in Fig. 2. Fig. 3(a) can be transformed into Fig. 3(b) , therefore an ideal controller 0 C is given by
Actually, the aim of VRFT is to approximate the ideal controller as closely as possible by minimizing (11). Because VRFT provides close-loop feedback control, it has the advantage of dealing with disturbance and uncertainty more effectively than direct inverse control, which directly identifies the inverse model of the plant and uses it as a controller. VRFT is also different from IMC which needs to acquire a model for the plant first.
Nonlinear Controller Design based on VRFT and SVM
Structure of the control system
In VRFT, the controller design problem is transformed into an identification problem. This paper employs SVM to solve this problem and therefore, gives a specific implementation of nonlinear VRFT.
In real applications, a reference model is often set up in the form of a transfer function 
According to (14), the ideal controller 0 C consists of the integral action. Therefore a discrete control system is constructed as shown in Fig. 4 , in which the integral action is extracted artificially, and SVM is employed to approximate the rest of 0 C . Due to the above treatment, the following advantages can be achieved: 1) the steady-state error can be eliminated; 2) the complexity is reduced by identifying a stable object instead of an unstable one. Actually, this controller can be regarded as a nonlinear integral controller with variable gain. 
where ( , ) ( ) ( )
The optimization problem (16) 
The bias b is calculated as 
where r x and s x are support vectors.
DATA-DRIVEN NONLINEAR CONTROL OF A SOFC SYSTEM
Structure of the Data-driven Nonlinear Control System for SOFC
Based on the approach proposed in Section 5, we design the specific data-driven nonlinear control system for a SOFC system shown in Fig. 5 . It is a compound control system consisting of both feedforward and feedback loops. As a measurable disturbance, the current density I is introduced as parts of the input variables of the SVM in the nonlinear controller to speed up the initial response of fuel flow to drastic current changes. The feedback loop with an integrator ensures an offset free of the output voltage in the case of step load changes. A dynamic constraints unit and an anti-windup scheme are also adopted to guarantee fuel utilization within the desired region, which will be illustrated in detail in the next section. f f, the dynamic constraints unit in Fig. 5 is designed as follows:
Dynamic Constraints and Anti-windup
SIMULATIONS
In this section we apply the proposed data-driven nonlinear controller discussed in Section 6 to the SOFC problem to achieve safe fuel utilization and maintain operating constraints when only the voltage output is measurable online. The sampling rate of the SOFC and the nonlinear controller is chosen as 1 s T = s.
Design of the Data-driven Nonlinear Controller
The We first identify the SVM in the nonlinear controller. In order to make a tradeoff between the accuracy and the complexity of the nonlinear controller, we choose 10000
in terms of the testing error and the number of support vectors. The corresponding training and test results show that the SVM can approximate the behaviour of the nonlinear controller with good accuracy, which are omitted in this paper for the space limitation.
Data-driven Nonlinear Control of the SOFC System
As an independent power source candidate, the output voltage of the SOFC system is expected to be at a desired constant value for stable operation of external electrical equipment. The external load will directly affect the output voltage of the SOFC system.
In normal working conditions, the current of the SOFC system is 300 A. The steady output of the voltage is 333V. Assuming a load disturbance causes multiple step changes of the current, which decreases from 300 A to 280 A at t=50 s, changes from 280 A to 320 A at t=200 s and goes back to 290 A at t=350 s, the data-driven nonlinear controller is used to adjust the voltage to its steady value. For all simulations, the following parameters are set: anti-windup feedback coefficient
By applying the proposed nonlinear controller, satisfactory control performances are achieved for the closed-loop SOFC system for large load current changes, as shown in Fig. 6 . It is observed from Fig. 6 that the fast response of fuel flow for the current demand disturbance and zero steady error of the output voltage are both achieved. Meanwhile, fuel utilization is kept almost within the safe region except for a brief deviation at t=200s. Note that the fuel utilization cannot be definitely restricted to the desired range for large and sudden current load changes because of the slow response of the fuel flow to the output voltage and constraints on the fuel flow. 
CONCLUSIONS
In this paper, a data-driven nonlinear control strategy has been developed, which provides an alternative solution to the SOFC control problem. This approach is particularly effective for SOFC since the explicit dynamic model of SOFCs is generally difficult to develop. Comparing with the previous linear data-driven predictive control approach, the nonlinear controller developed in this work can handle the nonlinearity of SOFC system more effectively.
The simulation results have validated the proposed datadriven nonlinear control algorithm. One future research topic is to introduce an instrumental variable method to counteract the effect of noise.
